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photocatalysts by functionalisation with titanium
dioxide nanorods and gold nanocrystals†

Santhosh S. Nair,‡ Jianhong Chen,‡ Adam Slabon * and Aji P. Mathew *

Cellulose nanocrystals (CNCs) are promising building blocks for water purification due to their high surface

area, tuneability of surface charge and grafting of surface groups depending on the pollutants. In this report

we have converted CNCs into photocatalysts, without altering the surface groups, by in situ growth of TiO2

nanorods (NRs) and functionalization with Au nanocrystals (NCs) for enhanced light absorption. The control

of the density of the NRs assures that the CNC surface and functionalities are accessible for the pollutant,

followed by the photocatalytic degradation on the light absorption layer under solar illumination. This seed-

mediated NR synthesis can be applied to realize a series of CNC-inorganic NR photocatalysts. The low

temperature (90 �C compared to commonly reported growth at 150 �C) of the NR growth provides the

opportunity to use nanostructured biopolymers as functional substrates for preparation of photocatalysts

using a bio-inspired design.
Introduction

Hybrid bio-inorganic nanostructures are promising materials
for energy and environmental applications while simulta-
neously enabling environment-friendly degradation pathways
toward a circular economy.3 Nanocellulose in the form of
cellulose nanocrystals (CNCs) or cellulose nanobers (CNFs) is
considered as a prospective functional material owing to the
abundance and renewability of its source and its versatile
surface chemistry. For example, CNCs with sulphonyl or
carboxylic acid functionality show high uptake capacities for
cationic dyes such as methylene blue, malachite green and
basic fuchsin,4,5 whereas amino-functionalized CNCs show
a high uptake of anionic dyes.6 Thus, water treatment is an
emerging application for nanocellulose,1,2 but suffers still from
limitations related to reusability.
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Nanostructured cellulose acts as a universal substrate for
growth of different nanocrystals (NCs),7 which offers the
opportunities toward the design of hybrid materials including
semiconductors. Nanostructures of the latter play the leading
role in applications covering adsorption, energy conversion,
electronics, gas sensors and catalysis.8–10 Recently, nano-
cellulose–TiO2 interfaces have received attention to promote the
removal of volatile organic compounds and arsenic in waste
water through photocatalytic decomposition. Although TiO2

can only absorb 4% of the solar light spectrum, it offers several
advantages, such as high photocatalytic activity if sufficient
light absorption is provided by the external source of illumi-
nation, chemical inertness, cost effectiveness, nontoxicity and
long term stability against photocorrosion.9,11,12 Contrariwise,
cellulose as an insulating substrate can provide a mechanical
support to NCs, minimize the aggregation of NCs, and the
available functional groups of cellulose can interact with the
pollutant.13–17 In comparison to TiO2 NC photocatalysts, one-
dimensional nanostructures of TiO2 offer the possibility to
decouple the light absorption from charge carrier transport.
The augmented charge carrier separation efficiency results in
reduced electron–hole recombination.18–20 Nanowires or nano-
rods can also scatter light due to the comparable size with the
wavelength of visible light.21 Therefore, TiO2 NRs are considered
as highly desired structures for photocatalytic applications, and
have been demonstrated to exhibit high photocatalytic activity
on mineralization of many organic and microbial contaminants
under UV irradiation.22,23 For example, Lv et al. has proved that
TiO2 nanowires have better photodegradation activity on
methylene blue than TiO2 nanotubes under UV irradiation.24
This journal is © The Royal Society of Chemistry 2020
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However, the wide electronic band gap of TiO2 (3.0–3.2 eV)
still connes the application of potential cellulose–TiO2 hybrids
to the UV region.25,26 Surface decoration with plasmonic nano-
structures is a potential way to extend the absorption towards
the visible region.27–29 Modication of the semiconductor
surface with plasmonic Au and Ag NCs has shown a strong
enhancement on photocatalytic activity in the visible region via
the local surface plasmon resonance (LSPR).30–33 The LSPR ari-
ses from collective oscillation of free electrons in the conduc-
tion band (CB) as a response to the electromagnetic eld of
incident light.34 Meanwhile, the highly energetic electrons
generated from the plasmon decay, described frequently as ‘hot
electrons’, escape to the CB of semiconductors over the Schottky
barrier and participate in the photocatalytic process.35–39 As
a result, the deposition of Au NCs on TiO2 has become
a promising interfacial structure for dye degradation in the
longer wavelength region. Although the synthesis of cellulose–
TiO2 hybrids by impregnation of a Ti-precursor on cellulose and
subsequent annealing is today established, precise control on
the nanoscopic level has not been achieved so far. For the
fabrication of hierarchical semiconductor nanostructures with
well-dened semiconductor interfaces on cellulose, allowing to
take advantage of suitable band alignment, it is a critical
requirement to control the nucleation.

In this manuscript we report the successful use of cellulose
nanocrystals as a functional template for the in situ growth of
TiO2 nanorods and subsequent decoration with Au nanocrystals
and its application for the photocatalytic degradation of dyes
under solar illumination. While nanocellulose–TiO2 hybrids
have been reported earlier, the growth of one dimensional TiO2

on organic substrates is usually limited to highly thermally
stable substrates such as FTO. Seed mediated synthesis for TiO2

NRs on CNCs at 90 �C was developed by using a novel process
and the synthesis was successful with different surface func-
tional groups (sulphonic, carboxyl or phosphoryl) on cellulose
nanocrystals (CNCs).

Experimental
Synthesis of CNC/TiO2-NRs(90) and CNC/TiO2-NRs(150)

Sulphonyl and phosphoryl functionalized CNCs were synthe-
sized from microcrystalline cellulose using H2SO4/H3PO4

hydrolysis as reported in the previous literature (Fig. S1a†).40,41

The carboxylic acid functionalized CNCs were extracted from
bioethanol residue as reported.42 Hence obtained CNC
suspensions were freeze dried. 0.01 g of CNCs were ultrasoni-
cally dispersed in absolute ethanol (10 mL) in a capped bottle,
and then stirred for 1 h to form a homogeneous suspension.
Titanium butoxide (0.01 mL) was injected into the suspension,
which was further stirred for 1 h and then the solution was
allowed to age at 60 �C for 3 h. The suspension was ltered,
dried and annealed at 100 �C to produce TiO2 seeds on the
CNCs. For synthesizing CNC/TiO2-NRs(90), the seed deposited
CNCs were dispersed in 10 mL of DI water andmixed with equal
amount of conc. HCl and stirred for 1 h to get an homogeneous
solution. Then 1 mL TiCl4 solution was added and heated to
90 �C for 5 h with stirring. The obtained CNC/TiO2-NRs(90) were
This journal is © The Royal Society of Chemistry 2020
ltered and washed with water, followed by ethanol to remove
unreacted species and dried at vacuum at 60 �C for 12 h. Similar
process was followed for CNCs with carboxyl and phosphoryl
groups as well. Fig. S1b–d† shows that CNC–TiO2 NRs can be
prepared irrespective of the surface functionality of the CNC
substrates. It has to be noted that there was no autoclave used in
this method. The synthesis was carried out at ambient
temperature and pressure to make it suitable for specic low
temperature substrates, such as CNCs or other polymer
substrates.

Different functionalized CNCs exhibit different thermal
stabilities, hence more reliable carboxylic acid functionalized
CNCs were used for the preparation of CNC/TiO2-NRs(150), seed
coated CNCs were ultrasonically dispersed in DI water (25 mL),
mixed with conc. HCl (25 mL) and 1.0 mL of Ti(OBu)4, and the
resulting solution was placed in a 60 mL Teon-lined autoclave.
Aer stirring for 5 min, the autoclave was sealed and heated to
150 �C for 4 h and then allowed to cool to RT. The as-obtained
product was washed successively with DI water and ethanol to
remove any residual ionic species, and nally dried in vacuum
at 60 �C for 12 h.

Preparation of CNC/TiO2-NRs(90)/Au NCs and CNC/TiO2-
NRs(150)/Au NCs

The Au NCs were synthesized by colloidal method.43 In detail,
20mL of 1-octadecene (90%, Aldrich) was loaded in a three-neck
ask and degassed with nitrogen at 130 �C for 30 min. Aer
cooling down to room temperature, 1.316 mL (4 mmol) oleyl-
amine (90%, Aldrich), 1 g (4 mmol) 1,2-hexadecanediol (90%,
Aldrich) and 299.2 mg (0.8 mmol) anhydrous gold(III) acetate
(99%, Alfa Aesar) were added into the ask. Then the temper-
ature was increased to 200 �C under nitrogen ow for 2 h, aer
which the solution was cooled down again to room tempera-
ture. 35 mL ethanol (99.95%, Geyer Chemsolute GmbH) was
added into the solution to precipitate the NCs and centrifuged
at 12 000 rpm for 20 min. The Au NCs were redispersed in
hexane aer being washed once with ethanol. The composites
CNC/TiO2-NRs(90)/Au NCs and CNC/TiO2-NRs(150)/Au NCs
were fabricated by adding the respective CNC/TiO2-NRs powder
to a hexane dispersion of Au NCs. The mixture was sonicated for
5 min and dried under ambient atmosphere for 24 h.

Characterization

Thermal gravity analysis (TGA, Perkin Elmer TGA 7) measure-
ment was used for the thermal properties of CNC/TiO2-NRs(90)
and CNC/TiO2-NRs(150), the heating rate was 10 �C min�1 in
air. Micromeritics ASAP 2020 instrument was used for nitrogen
adsorption–desorption study, all samples were degassed at
90 �C for 5 h. For the Scanning electron microscopy (SEM) study
on CNC/TiO2-NRs(90) and CNC/TiO2-NRs(150), the JEOL 7000F
electron microscope with an accelerating voltage of 15 kV was
used. X-ray diffraction (XRD) analysis is carried out using Pan-
alytical X'Pert alpha1 with Cu-Ka1 line. Raman analysis is
carried out using Horiba Labram HR 800 with 532 nm laser in
the spectral range of 100–1000 nm. Transmission electron
microscopy (TEM) images including high-resolution
RSC Adv., 2020, 10, 37374–37381 | 37375
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transmission electron microscopy (HRTEM) images, selected
area electron diffraction (SAED) and energy dispersive spec-
troscopy (EDS) as well as High-angle annular dark-eld
(HAADF) scanning transmission electron microscopy (STEM)
micrograph were obtained by JEOL-2100F eld emission
transmission electron microscopy. The optical properties of
different samples were studied using UV-vis spectrophotometer
(Agilent Cary 5000) in the spectral range of 250–800 nm.
Scheme 1 Schematic representation of seed mediated TiO2 NR
synthesis, Au NCs deposition and suggested photocatalytic process for
dye degradation.
Photocatalytic experiments

The degradation rate of rhodamine B (RhB, pure, Acros) was
employed to evaluate the photocatalytic performance of CNC/
TiO2-NRs(90)/Au NCs and CNC/TiO2-NRs(150)/Au NCs and the
hydrogen peroxide (35 wt%, ACROS) was used as electrons
scavengers. The solution was illuminated with 100 mW cm�2

AM 1.5G light (1 sun) generated by a solar light simulator (class-
AAA 94023A, Newport) with an ozone-free 450W xenon short-arc
lamp. For each experiment, 200 mg of sample was placed in
50 mL of aqueous solution of RhB (8 ppm). For every 20 min, an
appropriate amount of solution was taken out and ltered to
remove the solid catalyst particles, and the degradation rate of
RhB in the solution was determined as a function of irradiation
time using the intensity of the main absorbance band at the
wavelength of 555 nm by UV-vis spectroscopy (WPA S800+,
Biochrom).
Results and discussion

Seed-mediated synthesis at low temperature is known for binary
metal oxides, such as ZnO and CuO, due to the availability of the
nanoseed preparation methods which do not require high
temperature annealing methods.17 However for TiO2, it is
limited to the substrates which need to be annealed at 500 �C
due to the lack of necessary and sufficient crystallinity/
orientation in promoting one directional crystal growth. This
is the main reason why previous reports were all conducted on
highly thermally stable substrates such as FTO, carbon bers
etc.44,45

In this work, we demonstrate that CNCs can be used as
a functional substrate to grow TiO2 NRs and thus yield nano-
structured hybrid biologic-inorganic NR photocatalysts which
can be further decorated with Au NCs (Scheme 1). CNCs
synthesized typically have a length of 200–300 nm and diameter
of 5–10 nm with aspect ratio varying (20–60) as per AFM
measurement (see Fig. S1a†).

The surface functionalities of CNCs can be tuned using
different mineral acids. For example, H2SO4/H3PO4 can be used
for hydrolysis to obtain sulphonyl and phosphonyl functional-
ized CNCs. The carboxyl functionalized CNCs has been extrac-
ted from bioethanol residue. The TGAs of different
functionalized CNCs shows the varying degradation tempera-
tures such as sulphonyl (180 �C), phosphonyl (204 �C) and
carboxylic (240 �C) surface groups (see Fig. S2†) indicating that
none of these materials can be annealed at 500 �C as reported in
available reports.44
37376 | RSC Adv., 2020, 10, 37374–37381
We have synthesized TiO2 seeds using sol–gel method with
a slow hydrolysis of Ti(OBu)4 in absolute ethanol and increased
the crystallinity by aging at 60 �C. During sol–gel synthesis, the
precursor used for hydrolysis and the conditions such as pH
and temperature denes the phase of the nanoparticle formed.
Increasing acidity and concentration of TiCl4 as precursor
forms generally rutile phase, however the usage of titanium
alkoxide such as Ti(OBu)4 at pH 7 at relatively low temperature
forms the anatase phase.44 During the hydrolysis, TiO2 nano-
sheets are formed and subsequent aging results in their rolling-
up to particle structures with a mean particle size of 30 nm. As
shown in Fig. 1A, the SAED patterns indicate that the poly-
crystalline particles crystallize with mixed phases of predomi-
nately anatase-type structure containing typical reections at
(101), (200) (105), (220), (303) and (109). However, the signature
reections of rutile (210) is also present.

In the following step, we have exposed the seed coated CNCs
in two different growth media, resulting in two different growth
mechanisms. Low temperature growth has been carried out at
90 �C using equivalent amount of conc. HCl and water with
1 mL TiCl4 as precursor. The formed TiO2 NRs have an average
length of (1.5 � 0.23) mm and diameter of (48 � 4) nm (Fig. 1B).
It has been proved that in seed-mediated synthesis, the seed
coated substrate has to be placed in the growth solution in
particular way to ensure uniform growth in the desired and
preferred crystal growth axis.15 However, in our case, the TiO2

nanoseeds have been coated on CNCs with the latter being in
random motion inside the solution under stirring as evident by
the birefringence (inset Fig. 1B and C). It should be noted that
the latter is synthesized using autoclave method at the higher
temperature, so it may adversely affect the surface functional
groups on CNCs compared to CNC/TiO2-NRs (90) and forms
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 TEM images of (A) TiO2 nanosheets, nanoseeds and corre-
sponding SAED pattern of TiO2 nanoseeds, (B) TEM images of TiO2-
NRs(90) and HRTEM image of the walls of TiO2 NRs (90), SEM images
of CNC/TiO2-NRs(90) and the flow birefringence of the hybrid (inset)
(C) TEM image of TiO2-NRs(150) and HRTEM image of boundary of
TiO2 NRs (150), SEM images of CNC/TiO2-NRs(150) and the inset
image showing the birefringence of the hybrids.

Fig. 2 (A) XRD patterns of CNC, CNC/TiO2-NRs(90) and CNC/TiO2-
NRs(150) and (B) Raman patterns of CNC, CNC/TiO2-NRs(90) and
CMC/TiO2-NRs(150).
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high aspect ratio nanorods. The thickness of the walls of the
TiO2 NRs synthesized at low temperature was found to be 4–
5 nm (Fig. 1B). The high temperature synthesis was carried out
hydrothermally in an autoclave using Ti(OBu)4 as precursor as
reported in the previous reports.44 Thus, synthesized NRs had
250 nm diameter and >2 mm length (Fig. 1C). This is in contrast
to previous reports showed equivalent amount conc. HCl and
water with Ti precursor producing rutile phase NRs.46

One of the main parameters we have chosen for the opti-
mization of the NR synthesis was well dened vertically grown
(radially arranged on CNCs) NRs which is conrmed by SEM
images (Fig. 1B and C). Birefringence, a characteristic property
of anisotropic CNCs due to ow induced alignment, was
retained in the hybrids (inset Fig. 1B and C) indicating that
nano-properties of CNCs are maintained. It was noted that the
growth without pre-seed deposition does not form NRs but
rather formed a thick coating of TiO2. The TGA analysis of the
CNC/TiO2-NRs(90) and CNC/TiO2-NRs(150) was carried out in
air. As shown in Fig. S2,† the CNC/TiO2-NRs has about 86%
loading of TiO2 on the CNC surface. The BET specic surface
area from nitrogen adsorption–desorption isotherms for CNC/
TiO2-NRs(90) and CNC/TiO2-NRs(150) was determined to be 66
m2 g�1 and 13 m2 g�1, respectively.

To understand and further conrm the phase of the
synthesized NRs, powder XRD analysis has been carried out.
The XRD patterns of synthesized CNC, CNC/TiO2-NRs(90) and
CNC/TiO2-NRs(150) are shown in Fig. 2A. The CNC shows its
characteristic reection peaks of cellulose I at 15.4� and 22.6�.40
This journal is © The Royal Society of Chemistry 2020
In the patterns of CNC/TiO2-NRs(90) and CNC/TiO2-NRs(150),
the characteristic peaks merged into one broad peak at 18.2�.
CNC/TiO2-NRs(90) exhibits predominant peaks at 25.5�, 36.3�

and 48.1�, which correspond to the anatase phase (101), (004)
and (200) planes (JCPDS 21-1272). Besides, the peaks at 27.7�,
41.4�, 54.5� and 63.0� correspond to rutile phase planes.47,48

Thus, CNC/TiO2-NRs(90) sample has a higher degree of the
anatase than rutile phases. For the CNC/TiO2-NRs(150) sample,
the reection peaks at 27.6�, 36.2�, 41.4�, 44.2�, 54.6�, 56.8� and
63.0� represent the corresponding rutile planes (110), (101),
(111), (210), (211) (220) and (002) as per JCPDS 21-1276. The
intense and well dened peaks suggests that the CNC/TiO2-
NRs(150) sample has a higher degree of crystallinity dominated
by the rutile phase.

In addition, the different phases can be further identied in
the Raman patterns (Fig. 2B). The existence of metastable
anatase can be conrmed with very sharp and intense peak at
147 cm�1 (instead of 144 cm�1) and the shoulder at 192 (197)
and 624 (635) for CNC/TiO2-NRs(90). However, CNC/TiO2-
RSC Adv., 2020, 10, 37374–37381 | 37377
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NRs(150) shows very clear dened peaks at 238 (242), 438 (446)
and 604 (610) of the rutile phase.48

To overcome the low absorption of TiO2 in the visible light
region, i.e. extend the potential photocatalytic performance to
the visible region, monodisperse spherical Au NCs were deco-
rated on the CNC/TiO2-NRs. The mean particle size of the Au
NCs before deposition was 8 nm (Fig. S5†). Quantitative analysis
performed by inductively coupled plasma optical emission
spectrometry (ICP-OES) determined the amount of Au for both
samples to be 1.0 wt%. The surface characteristic of the
plasmon-enhanced photocatalyst CNC/TiO2-NRs(150)/Au NCs
was studied by electronmicroscopy. Fig. 3 shows TEM images of
CNC/TiO2-NRs(150)/Au NCs and corresponding elemental maps
based on EDS.

The HAADF STEM micrograph in Fig. 3B clearly reveals the
deposition of Au NCs with diameter in the range of 8�40 nm.
The increased particle size of the Au NCs on the NRs is due to
agglomeration of the monodisperse Au NCs. The spatial
element distribution was conrmed by EDS mapping (Fig. 3C).
The white spots corresponding to Au NCs are distributed along
Fig. 3 TEM images of Au NCs deposited TiO2-NRs(150): (A)
morphology of CNC/TiO2-NRs(150)/Au NCs; (B) HAADF STEM
micrograph of TiO2-NRs(150)/Au NCs and corresponding (C) EDS
mapping of Au, Ti and O.

37378 | RSC Adv., 2020, 10, 37374–37381
the TiO2 NRs, which demonstrates the relatively good uniform
distribution of Au NCs over the surface of TiO2 NRs.

The optical properties of CNC/TiO2-NRs(90) and CNC/TiO2-
NRs(150), without and with Au NCs, were characterized by UV-
VIS spectroscopy (Fig. 4). The typical broad absorption peaks
are attributed to LSPR in the range 500–600 nm.49,50 The
broadening LSPR peaks originated not only from the broad size
distributions of Au NCs (8–40 nm), which has been identied by
TEM (vide supra), but also from the intercoupling of Au NCs.51,52

The band gaps of as-prepared materials were estimated with
Tauc plots (Fig. S6†), i.e. the band gap can be extracted from the
(ahn)1/n vs. hn plot intercept.53,54 The n value for was selected to
be 1/2, because the dominating rutile phase in the as-prepared
materials is a direct bandgap semiconductor. Furthermore, the
Kubelka–Munk function (K–M) was substituted for a in calcu-
lation of reectance from the measured absorbance.55,56 The
band gap of CNC/TiO2-NRs(90), CNC/TiO2-NRs(150), CNC/TiO2-
NRs(90)/Au NCs and CNC/TiO2-NRs(150)/Au NCs is 3.15 eV,
2.98 eV, 3.11 eV and 3.00 eV, respectively. It is clear the deco-
ration of Au NCs can slightly decrease the band gaps of CNC/
TiO2-NRs substrates. Furthermore, the decrement of band gap
indicating the improved light absorption toward larger wave-
lengths. This can result in upsurge of photogenerated electron–
hole pairs, since we used AM1.5G illumination, and is benecial
for photocatalytic reactions. We evaluated the solar photo-
catalytic performance for each sample on RhB degradation.

It is known that H2O2 can improve the photocatalytic
performance of TiO2 on dye degradation by inhibiting electron–
hole pairs' recombination.57–59 H2O2 not only works as a scav-
enger of electrons in CB but also helps with the formation of
reactive oxygen species, hydroxyl radicals, which are known as
a powerful oxidizing agent for organic degradation.60–62 There-
fore, the degradation rate of H2O2 on RhB under simulated
sunlight was set as a baseline as shown in Fig. 5. Photocatalytic
activities of different samples have been studied in the same
condition with H2O2 with an initial concentration of RhB being
equal 8 ppm. The results of the photocatalytic decomposition of
Fig. 4 UV-Vis light absorption spectra of CNC/TiO2-NRs(90), CNC/
TiO2-NRs(150), CNC/TiO2-NRs(90)/Au NCs and CNC/TiO2-NRs(150)/
Au NCs.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Photodegradation of RhB (8 ppm in 50mL of aqueous solution)
under simulated sunlight on different photocatalysts (200mg, powder)
supported by H2O2. The solution was illuminated with 100 mW cm�2

AM 1.5G illumination (1 sun).
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RhB indicate that the deposition of Au NCs can ameliorate the
photocatalytic performance of both biologic-inorganic hybrid
photocatalysts CNC/TiO2-NRs(90) and CNC/TiO2-NRs(150).
Despite the higher specic surface area, the pristine CNC/TiO2-
NRs(90) sample displayed lower photocatalytic activity than the
corresponding CNC/TiO2-NRs(150) sample. The higher photo-
catalytic activity of the latter can be explained by the higher
temperature of synthesis, which corresponds directly to a lower
number of defects and consequently lower charge carrier
recombination at defect sites.

To eliminate the interference of dye photosensitization effect
on the high dye degradation performance under solar illumi-
nation, the decomposition of RhB was compared with CNC/
TiO2-NRs(90) and CNC/TiO2-NRs(150). Since the Au-
functionalized photocatalysts show increased removal effi-
ciency, the LSPR effect plays a key role in the improvement of
dye degradation performance on the CNC/TiO2 photocatalysts.
The energy transfer from plasmonic metal to semiconductor in
the form of energetic electrons activates O–O bonds and forms
reactive oxygen species, allowing the degradation of RhB in our
case.63 The possible mechanisms for the nanostructured
plasmon-enhanced CNC/TiO2-NRs photocatalysts are proposed
in Scheme 1. The LSPR effect of Au NCs produces a large
number of photogenerated electrons and holes which can
participate in the photodegradation process. Although the Au
NCs may surely cover also uncoated CNCs, it is the TiO2/Au
interface that can improve meanwhile the charge transfer
kinetics.64
Conclusions

In summary, the growth of TiO2 NRs on CNCs retaining the
surface functional groups using seed mediated synthesis
introduces a new concept of using functionalized substrates to
grow inorganic nanostructured photocatalysts. Further
This journal is © The Royal Society of Chemistry 2020
modication by using plasmonic NCs augmented the light
absorption and thus photocatalytic activity of the CNCs/TiO2-
NRs. Seed mediated synthesis for TiO2 NRs at 90 �C was
demonstrated by using a novel process. The presented method
has thus the potential for the production of self-cleaning textiles
or wearable dye sensitized solar cells, which were limited up to
now to carbon based or high temperature stable substrates. The
CNC/TiO2-NRs structure can serve as template for consecutive
functionalization with a second semiconductor. An example are
type-II heterojunctions, such as TiO2/BiVO4, which could
further improve charge carrier separation and light absorption
in the visible spectra while ensuring fast electronic conductance
through titania nanostructures.65

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors acknowledge the postdoctoral fellowship (SSN) and
nancial support (AM) from Wallenberg Wood Science Center.
AS acknowledges funding from Vinnova, Sweden's Innovation
Agency (project: C1Bio, reference number 2019-03174). We
thank Joy Onwumere for fruitful discussion and Tom Will-
hammar, Istvan-Zoltan Jenei and Cheuk-Wai Tai for help with
TEM imaging. Hani Abdelhamid is acknowledged for BET
studies. The authors thank Dr Serhiy Budnyk and AC2T
research GmbH for ICP analysis within the COMET InTribology
(FFG no. 872176, project coordinator: AC2T research GmbH).

Notes and references

1 P. Liu, P. F. Borrell, M. Božič, V. Kokol, K. Oksman and
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